Different techniques for all-optical wavelength conversion are reviewed and the advantages and disadvantages seen from a system perspective are highlighted.
Introduction
The trends in optical communication systems today clearly show that WDM systems are being installed on a global scale in order to accommodate the increasing need for capacity, WDM deployment continues, there will be a need to manage the capacity on the optical channel layer, which will boost the inherent when performing waveleng:th conversion and has been demonstrated at 20 GbiVs [ 141. 3R regeneration is also possible. simply by replacing the CW light, necessary for wavelength conversion, with a re-timed optical clock signal [15]. This has been used to demonstrate 3R regeneration both at IO and 40 GbiVs [16,13]. The main drawbacks Of EA converters are low efficiencies. high insertion losses and the need for high optical input powers to achieve good absorption modulation (typically dBm) [I2]. demand for optical cross-connects. In these systems, wavelength conversion is an important functionality since it, e.g., enables wavelengths to be assigned on a link-to-link basis, thereby relaxing the requirements to the wavelength management throughout the network. Therefore, all-optical wavelength conversion will play a major role in making cost-effective network nodes in future high-speed WDM networks, where functions such as switching and routing in the optical domain also are envisaged. Consequently, this paper focuses on different techniques for high-speed all-optical wavelength conversion. A problem associated with FWM, however, is that the conversion efficiency is low (typically below -10 dB). why high optical powers have to be used for both the pump and signal (10-20 dBm). Furthermore, the efficiency decreases as the detuning between the pump and signal wavelength increases, thereby limiting the conversion range [6]. Using two orthogonal polarised pumps solves the problem of wavelength-dependent efficiency 17.81 and can result in polarisation insensitive operation [9] , however, at the expense of added complexity.
Still, as a result of low efficiencies. the converted signals usually exhibit low optical signal-to-noise ratios (OSNR). As shown in [IO] , where two converters are cascaded at IO GbiVs, an initial OSNR of -40 dB is reduced to -20 dB after two conversions.
Although the OSNR can be improved by using a pre-filtering technique [ 1 I], the cascadability performance of FWM-based converters still needs to be demonstrated. Moreover, since the output wavelength is dependent on both the pump and signal wavelengths, the pump must be tuneable even for fixed output waveleneths.
Cross-gain modulation in SOAs
These types of converters are also v q simple and the scheme is polarisation insensitive, has a conversion range in excess of 50 nm 1171, large input power dynamic range (typically >7 dB), is very power efficient and high-speed operation is possible. Even conversion at bit rates beyond the limit of what the carrier lifetime dictates is possible, which is. due to a self-filtering effect in long SOAs with small intrinsic losses. Thereby, IOOGbit/s conversion is shown in a 2-mm long device (181, clearly exceeding the typical carrier lifetime (-20-50 ps). There are, however, also some shortcomings related to XGM. The scheme suffers from a chirped output signal limiting the transmission distance on non-dispenion shifted fibers and the extinction ratio for the converted signal may degrade for conversion to longer wavelength [191. The integrated interferometers, i.e.. the DISC, MZI and MI, seem preferable seen from a system perspective, however, due to stability issues and compactness. The DISC configuration has recently shown impressive performance in that wavelength conversion at 168 GbiVs was achitwed [26] . Focusing on the MZI and MI, they can be realised either as an activdpassive structure 1271, where only the interkrometer arms are active or as an all-active structure [28], whei-e the input/output sections and splitters also are active. Although the active/passive structures are easier to control (only two electrodes to the device are necessary), the all-active structures are easier to realise. Furthermore, the active input sections can be used as power equalisers 129,301 as well as pre-amplifiers allowing for very low optical input power [29] . The active output section, on the other hand. works as a booster amolifier allowins for a high 
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converted signal is achieved (typically -40 dB in 0.1 nm [33] ) and all-optical 2R regeneration inherent due to the non-linear transfer function. Furthermore, if an optical clock signal is used instead of the CW light, re-timing can also be obtained [34] (2R and 3R regeneration at 40 Gbitls is shown in [33] ). Owing to these excellent features, an impressive cascadability performance has been demonstrated in loop experiments (IO00 3R regenerators at IO Gbitls [35] and 200 at 20 GbiUs [36] , where each regenerator consist of two MZIs). A new type of interferometric converters has also recently attracted attention, namely dual-order mode interferometers. By proper design of the device it is achieved that the original data signal is absorbed in an unpumped waveguide, whereas, the converted signal is guided to the output of the converter [37] . Consequently, conversion to the same wavelength as the input signal is possible in a co-directional propagation scheme as well as tilter-less operation. The latter is clearly an important feature in cases where a tunable output wavelength is required. This device type has shown excellent performance at IO GbiUs over the entire EDFA window I381 and also initial results at 20 GbiUs are promising [38] .
It should mentioned that since the performance of the interferometric devices is sensitive to the phase conditions between the interferometer arms, active control of interferometric wavelength converters is an issue that needs special attention.
Summary
All-optical wavelength conversion will be important for construction of cost-effective network nodes and flexible WDM systems. Although the emphasis here has been on SOA-based converters, there are numerous approaches for all-optical wavelength conversion. At the same time researchers all over the world are constantly looking for new methods, while investigation of already existing techniques is ongoing and giving promising results. The specific requirements to a practical all-optical converter will clearly be system dependent but issues like compactness, ease of implementation and control as well as cascadability will all be important aspects. Naturally, also the ability to operate at very high bit rates will play an important role in choosing the optimum solution.
